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FINAL REPORT

Research under sponsorship of U.5. Army Research Office
during the past years has been concentfatad in the area of
fluorine chemistry. The following major topics have been in-

vestigated:

{1) Reactions of Organic Molecules with Elemental Fluorine
Temperatures

i - (a) methane, athane, and saturated hydrocarbons

(b) ethylene, acetylena, and other unsaturated hydrocarbons
(c) organic compounds containing oxygen and sulfur

{(2) Reactions of Inorganic Fluorjdes at Low Temperatures

- ; (a) adducts of UF, and UF, with alkali and alkaline
earth fluorides

(b) reaction of lithium atoms with 51F4

{¢) interaction of CO with metal fluorides

{d) c¢hloxination and bromination of ur,

{;}J

{e) reaction of Sn and 8nF, with C2H4
(3) Reaotions of Metal Atoms with Lewis DBases

(a) metal atoms + water

(b) metal atoms + mathane

(4) 8ynthesis of Metal Oxyfluorides

d ' (8) S8Synthesis of Metsl Nitrifiuveridas, and

(6) Further Btudies of

»

CFX.,
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fl) Reactions of Organic Molocnlos with Elemental Fluorine
Temperaturaes

{a) methane, sthane, and saturatad hydrocarbons

When saturated hydrocarbons are co-deposited With elcﬁlhhal
fluorine in matrices at ligquid helium temparatures there is no
spontaneous Yeaction, " The maturated hydrocarbons ard distzibutud
throughout the fluorine matrix and, rather interestingly, the

P, molecule is one of the laast perturbing matrix molecules wa

a
have observed. The infrared absorption spectra of matrix isoclated
methane, ethane, ate. are very closs to thu gas phqla spectra,
"The matrix perturbation effects are very slight, of tha ordqf of

1

1-5cm ~ and at 12K the spectra are exceudingly sharp and wall

defined. Though no reaction ocours between F_, molecules and

2
saturated hydrocarbons one can induce reaction by uv photolysins
which dissociates the F, and provides fiuorine atoms which are
exceedingly reactive. One finds mruo, di, tri, and tetraflucro-
methanes and higher fluorinated spacius, ot sourse, for the higher

members of the alkanus.
(b) ethylone, acetylene, and othor unsaturated hydrocarbons

Reactions of moleoular fluofine with unsaturated hydrocarbons
were studied in fluorine and argon fluorine matrices. Certain
hydrocarbons (acetylene, bensens, ato.) could be cvondensed into
& pure fluorine matrix without reaction. Hthylene and allaene

could also be condensed in fluorine without reaoction, but 4i4d




react when exposed to light in the wavelength reygion from

1l to 4 Y. The ethylane reaction produced either 1,2-gauche-~

fluoride, Propylens, butadiene, and cyclohexene reacted

(sponﬁanaounly) with molecular fluorine in iow-temperature

matrices.

i
!
: 1 and trans-difluoroethane or vinyl fluoride and hydrogen
|
|
1
|
J
l

'Onlf the Aikanil Qlth thlvh1950l£ ionizatioh pofcntialn can
be trappéd in a flqorino matrix without reaction, Bansitive EPR
measurements have also suggested that some reaction of ethylene
with fluorine does ocour during the trapping process. The

- other ulkenes apparently require vury little activation energy 1
H ' ' for veaction with molugular fluorine since the reactions are o
occurring on a cold matrix surfacm, One might correlate this i
increasnd reactivity with their lower ionization potantials) how~ i

ever, the lack of reacvtion by cyrlopropane and benzene indiocates

i

that 84 lower lonigation potential i# not the only factor involved

NS P

in prédicting the likelihood of spontaneous reaction with

moleculazr fluorine at low temperaturos. The ability of alkenes i &

NP

to form stable charge-transfer complexes with halogens probably

PR = 8

contributes slygnificantly to their inoreased reactivity.

"he nature of the absorption which leads to photolysis of
the complex is uncertain., Possibilities include excitation of a
perturbed fluorine molecule or perhaps an overtone of the
perturbed etliylens. fThe large deuterium isotope effect on the
reaction rate suggests that exclitation of carbon hydrogen

vibrational modes plays a major role in the transition,

.
T iy v e _ !
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The increased yield of vinyl fluoride in the dilute F?/Ar

oy

matrices can be explained in a number of wayas. If the reaction 5

is vipualized as proceeding through a hot 1.2-difluoroethane

intermediate, one can explain the difforeqt amounts of vinyl
fluoride formed as due to the different quenching rates for pure :
fluorine and fluorina argon matrices. A pure fluogino matrix }
should be a baﬁtdi quéhéhcr”bionuii of the praiancévof an P,

internal vibration, The increased quenching rate weuld decrease j

thoe probability of hot l,2-difluoroethane dacomponiﬂg into

M T e

vinyl fluoride. The presence qf baoth gauche and tréns forms when

the nthylena-r‘2 adduct is quenched from the hot ntaée is consiptaent
with previoum studies in which l.2-difluoroethana wﬁn heated prior
to trupping in an argorn matrix, :

The effect of quenching would be the same if the reaction pro=-

ceudod with the firsmt fluorine undergoinyg addition to the double

bond producing a hot l=fluoroethyl radical in the }:oaonco of the
: uecénd fluorine Qtom. Badicui recombination to f&?m th; difluoro~-
b

" ‘ ethana would have no agtivation energy whereas fluorine atom
attack on a carbon hydrogen bond would roquire some activation
energy. Thus, rapid quenching would lead to increased 1,2-di-
& fluoroethane tformation.

Bither of the above mechanisms requires a difference in

. gquenching rates for the fluorine and argon fluorine matrices.

Ar alternate explanation could be based on a Pz concentration

effeot whare a 1:1 (PQ-CRH4) adduoct reacts to form vinyl fluoride
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while a 211 (F,~C,H,-F,) adduct reacts to form difluorcethane.
This seems less likely sinco the relative amouuts of vinyl
fluoride and difluoroethane remained approximatuly the same

whén the Fz/A; xag#q‘ﬁaﬁ‘npﬁngod.

v

The implicniions of the work'discusééd here, whlch,weée

first made known at. the Washington meeting of the American

Chemical Sociaty, September, 1979, formed the basis for a laser

photolysis stﬁdy of the sthylene~fluorine matrix in the lab-
oratory of Professor Geurge Pimentel at Berkeley. We were in
close contaot with Dr. Pimentel as he followed up our :1r|t
obuervatioﬂ of this phenomenon with a laser irradiation experi-
mant whetob§ he was able to excite saloctﬁd ethylens vibretions
with an infrared laser system. Exactly as our work had pre-
dicted, the ragion around'2,000~3,6000m"1 was exceedingly
sensitive and when ﬁhé laser radiation was matched to the
ethylene absorptién. direct flunrination did4 ocgur. Our owviginal
obkervations and theqfollowup laser experiment by Pimentel and
apeociatos represents one of the clearest demonstrations of how
selective photolysis may perhaps find practical application in

industrial chemistry,
(¢) organic compounds gontaining oxygen and sulfur

Preliminary experiments with organic mnlecules containing
oxygen (CO, coz. Csozo cos, csa, (cuaizao, etc.) ara in progresa.

The readvtion products are still only partially charactarised

N bbb g s b

s b
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but it appears cluar that a variety of interesting COF, C8F, S ' B

CP and SF speclies can be prepared by this method. The iden-

R

tification of complex molecules from infrared spectra alone

A
Yoo
!
v
;

1

-

is speculative but Table I summarizes the reactions and reaction

\ products which we believe we have observed. Further studies are

in progress.

g s

‘ (2) Reactions of Inorganic Fluorides at Low Temperatures
|

(a) adducts of UF, and UF, with alkali and alkaline
earth fluoridas

The present work haun been carried out in an attempt to

obtain i.r. spectra of a series of uranium Ffluoride anions,

[UF437 EUF537 EUF637 and EUF7J: These spouies are present in

S 3 A SR S e DA RS

various macroscopically available salty which are not expectaed

to be vasily volatilized, Gas-phase Bpectra are therefore not

available. However, dilute, frozen, argon matrices containing

i ) ek et

| thesa anions should provide a reasonable model of the gaseous

state. The anlouas can be generated in the matrix by reaction

of the uranium fluorides with either alkali metals or alkali

R

TR A 5

metal fluorides in argon at cryoganic temperatures to form MUF4.

MUFS, MUFG, MZUFB and MUF7 species.

e

It can be seen from the data in Table II that the reduction

of cach of the uranium fluorides caused a shift to lower fre-

. yuencles, i.e,, a decrease of the forcve constant. This effect

S has been discussed in terms of the ionic character of ths U=F
i,




TABLE I

R - MOLECULES TRAPPED IN A RURE FLUORINE MATRIX AT 15K

: ~with with
- . B during - I.R, u.v.
‘Reaction Ogeurs: ' : : trgpping: irrad. irrad.

e . (CHB.).ZBQ ) : ‘ 7es T e -

les :-..‘i.':: o ,”‘. SN P , . L ::YBB W .--. . .-.

'Etzaa oo . yeu - .-

ocs : " no " no yes

' oco A : no no no 1
scs S - no . ne yes
| BZHG ‘ : no no Yes
' 5302 A' ' i no V no yes
‘ _(GH3)2co : no ‘no yes
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TABLE 1II

APPROXIMATE GAS~-PHASE STRETCHING

=1

FREQUENCIES (V/cm ) OF URANIUM FLUORIDE IOMS TOGETHER

WITH MATRIX FREQUENCIES OF NEUTRAL URANIUM FLUORIDE SPECIES

tur43
465

480

¥ Ref.

2,

* J. *
ur4 tur5 UFS
532(v3) 448 560
501 584

647

* Ref. 3 and 4, * Ref.

NN

5

tUFGJ

520(v3)

*

UP6

62O(v3)

EUF7J
532

553

o




bonds, an increase in lonic gharacter rasulting in a décrease
in forca constant. Morecover, within any given sericecs of alkali

metal or alkali metal fluoride reactions, the U~F fraegquencies

of the reaction product usually decrease when descgndinq the

Periodic Table, reflecting the deoreaéé in eieétrohqutivity ot
the metal. It is not intended to imply that the strength of

the boné- d;cxo;iol, as the force constant may decrease as a
consequence of a broader valley of an ionic potential curve,
Decreases in aplittings of dageneraﬁe bands are also evident

as heavier, less polarizing, alkali metals are used., On the
basis of their intensity, the bands at 570.8, 548.8, and 526.2
(7L1-Ur6) and 557.9, $39.2, and 521.9¢cm > (Na~UF ) are believed
to be derived from the Tl i.r.-active mode of a pure octahedral
configuration. These three bands exhibit compression as well as
a red shift on progresaing from Li to Na. In the M-Ur4 systems,
the bands are thought of as being derived from an i.r, active

Ta mode of a tetrahedral configuration, aquin>biaud-on an inten«
sity argument. In this case, however, the separation between
the bands does not change appreciably on going from Li to K.
This lugqoitl that the metal atom is not responsible for the
major splitting; more likely, the extra electron density is
perturbing the structurs from Td symmetzry and thus the frea
CUF‘J ion is not expested to have tetrahedral symmetzy.

The oblorQAtion of an invariant band at 520 cm'1 among

several M-U!6 systems i3 explained as arising from a geomatry

el A RAHED- @oaeie

TR

Moz




..M_M.W_ﬁm.“wuwﬂ“wﬁmqmw.1
1
3

10

'f in which the metal is separated by several angstroms from the
Ef CUPGJ' spacies by argon atoms, This distance is not great

enough to pravent reduction of the UFB. £lectron transfer ]

M S Y TR
¥ S

* betwesn separated atoms in molecular beams has bean well

cakber LT

sstablished for alkali metal-<halogen systems whoreby the trans=

fer oncurs across. & separation of 2-3 R by a process known as

& _.&ff—( oy

"harpooning"., It can bae pointed out that the electron atfinity
? of Ur6 is 125 kcal mol-l. which is much greater than that of

the Cl atom (87.3 koal molhl). A similar type of mechanisnm
4

k‘.,ﬁ to form separated tUEBJ' and M

is likely. 1In addition, the

ionisation potential of all alkali metal atoms in solid argon

is expected t¢ be less than 125 kcal mol'lt thus electron H

transfer at large distances is energetically allowed. A second 4
F" E electron cannot be added as easily, however, and a contact in-

taraction may be raquired to form 2M*, Uvez'. Tabli IIl praesents

F absorption positions which are expected to be close to free=ion

;% : gas phase values for the uranium fluoride anionic species listed,
Values wars selsoted on the basis of invariance to metal species 1
and on the assumption that the caesium fluoride- and potassium

fluoride uranium fluoride systeme will give U=PF freguencies .

closest to free ion gas-phaso values. Matrix frequencies are B

expected to ba within 100m'1 of gas phaee freguencies, as demone

e aan

]

strated by UF, which exhibits a 6om™ ' red shift from the gas

11
ML T e B T eq Feemar ems

{ T phase to the matrix for Var
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The assumption of an octahedral tUFBJ— anion can be
rationalised by a consideration of the orbital energy level
diagram of octah;dral UFs. The lowest~lying unoccupied metal
crbital is one of a, symmetry, for which no Jnhh-Tallor
distortion is sxpected folicwing oc¢cupancy by the one electron
from EUFGJ-. The Euc1632" anion, also possessing a non-dagen=
erate ground state, has bésn shown to be uunt'iniy' octahedral
in solution, For this molecule, however, there is a small
pseudo~Jahn-Teller effect arising from vibronic coupling of
the ground state with a degenerate axcited state. This effect
is nét believed to be liénitlc.nt £b? analoqéui fluoro;comploxeu
since the excited states are further removed from the ground
state by the higher ligand field strength of F ., It must be
remembered that, according to the Pauling criterion of percentage
ioniec character, the slectron added to Ur, will not reside
exclusively on the metal, but will distribute itself among the

six fluorine atoms and uranium to glve tn this cuse a hcgaeive

charge of 0.12 on sach fluorine and 0.28 on the uranium.
(b) reactions of lithium atoms with siF4

In a typical experiment, lithium metal was vaporized at
435°¢ and cooondensed with silicon tetrafluoride in an argon
matzrix for a typical trapping period of 1 h (ar131943100|1). The
matrix isolated infrared spectrum showed two bands, located at

1

851 and 840 om —, which could be unequivocally assigned as the

v3 and v1 modes, respectively, of neutral li?a, since the values

vers identical with those previously reported for the infrared

PRI s a2

SRR 4.3

PIRICEE - P IS SO,




1
o adea .

,
BETE TN

e i spectrum of the matrix-isolatud molecule in. argon. There was S ;
é ' : some slight band structure between these two peaks which was } i
R : , attributable to either the (8iF,) , dimer or lithium fluoride

o go:mod.in the lithium atom abut:nétgon process., The nblorption

! could ba tenéag1§6iy ascribod to the Siﬁa anion,

‘band at $98cm
singe this band appeared in the spectrum of the Naf3192 charge=
txansfer complex formed in the reddtion of sodium metal atoms - ' ¥
with silicon difluoride in an argon matrix. It must be emphasized i
that such an assignment was only tentative, since the othar i

infrared band of the sira anion was obscurdd in our spactrum,

The most predominant bands were observed at 1024, 1005,

& SEhia o e R | A

# and 1013°m-1 and could be attributed to unreacted IiF4 and matrix

e

splittings asscciated with this molecule in the argon matrix.
The peaks at 990 and 695cm-1 could aimilarly be assigned either

to SiF, ox alternately to sizrﬁ, ‘13ra' or 8i. F (most likely

4 4° 10
'*2'5" since this band cccurs in the infrgzid spectra of these

compounds as an active mode of thd*tirminui-siré functional group.
This same band was also found in the infrared spectrum of csrslira
which is formed in the reaction between silicon difluoride and
perfluorxobsnegene. Assignments attributing these bands to such

gcompounds are reasonable, since thelr formulation is khown to

T e A R T Lt MR R

5

ocour when mixtures of Bir‘ and Birz are cocondenned at low tempe

eratures and the mixture is allowed to warm to room tempsrature.

Mort certainly, resactions of the type a&r‘(b) - lirz(n) - ﬂianfl)

followed by addition of BiF, molecules to form compounds of the
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13

variety SinF (Sizpe, Si etv.) are operative in the

2n+2 afs
91r2/sir4 reaction system. An alternate route'fo: the formation
of Bizrs would be the dimerization of the triflucrosilyl
radical, 51?30 produced by lithium abstraction of one of the
‘:luorinc-l£0m !rom thp oridtnal str4, Buch a process is
unlikely, howaver,:uince the Si-F bond is strong, and at no
time duzing.éﬂ&!mgtudx_w;a_qny evidence obtained !p:‘:ho_oxiltgnc-
of the sira radical which has become previously studied in '
argon matrices utilising both infrared and BPFR npectroléopy. The
total absenuce of this species in the present experimental aystem
was somewhat surprising in light of the high si-PFP bond energy
of sir‘tntsi-r).v w 142+2kcall, but any SiF2 formed must be
reacting to form '*:Fe or with further lithium (always kept in
excess in these experiments) to form SiF, or Sirz'. Furthermore,
the infrared spectrum always indicated a dacrease in the neutral,
molecular 81!2 with an attendant increase in the perfluorosilanes
such as 8i.r. . or 8i,F, when the concentration of 8iF, was inereassd
in the experiment. 8ince the infrared data indicated that Bu‘2
and sir2° were being formed and isolated in the cocondensation
reaction, it was convenient to search for radical species using
electron paramagnatic resonance (EPR) spectroscopy, assuming
radical recombinaticn does not ocour to any significant extent.
The BFR data indicate the presence of a silicon species
~dnvolving two equivalent fluorine atoms; in addition, tha ¢
value suggests that the species io eithar a radical or a negatively

13

 eharged moledule, As i the case with the ¢ of the mathyl
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radical, the 2951 is too low in abundance to be observed in the

e

matrix EPR experiment. 1
' The fluorine atom has an unusually large nuclear moment
(2.6288 uB) and & previous study on the 81F3 radical by Merritt

and !oioondqn. where they reported a hyperfine constant of 136.6

for fluorine, shows that the hyperfine splitting resulting from
4 fluorine atom can be quite large. Although the hyperfine
constant reported here might seem anomalously low in comparison,
the magnitude might be appropriate if it is assumed that spin
polarigation is the cause of the observed hyperfine structurs.

On the basis of this analysis, the observed EPR spesctrum

% should be assigned to uighor the sxrz anion or an Sir2 diradical
species. Due to the limitations of both the infrared and
electron paramagnetic resonance techniques, unfortunately, the
spectra cannot be unequivocally assigned to either chemicul
form. Because of the relatively low intensity of the EPR lines
obsexved in this xeaction, it would appear that this reaction
results in no major formation of this radicel or anion and
surprisingly no trifluorésilyl radicals; alternatively, radical

recombination might cause the absence of this radical speciles.

(¢} Jinteraction of €O with metal fluorides r ‘

It has buen suggested that the shift to a higher stretching

freguency observed when carbon monoxide is paired with metal

halides or adsorbed on ionic solid surfaces is proportional to
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the electric field imposed on the carbon monoxide by the positive
metal ion. Co~ordination ls assumed to occur through the carbon,
It has also been pointaod out that the vibrational mode of carbon
monoxide is ewsentially independent of the modes oftthe matal
halide and thus raefleots changel-whiah ocour enly in the carbon
monoxide itael!.. . 4
Pravious studies have investigated the effect on the CO

stretch of changes in motal ionic radii for metal dihalides. Monst
of the first~row transition=matal dihalid;s showed anomalous shifts
which were attributdd to bonding effects of unfilled d orbitals, 1
whereas calcium, manganese, and eine difluorides ware thought do

| demonstrate a proportional relation to the positive=ion electric

field. We have chosmen to study a broad selection of uni=-, bi-,

and tri-valent metal fluorides in order to evaluate the esffect

of charge as well as ionlc radius,

Table III gives the measured frequency shifts for the

"

M!n'co pair. Only the hiéhcnt frequancy shift is listed for the

alkalino-earth metal difluorides. As indicated by previous workers,

a relation does appear to exist batween the fraguency shift of
B carbon monoxide and the metal ionic radius. Measured shifts for a

particular valence appear to vary as a function of the reciproual

SR SIS i
ettt Cpiacasl il

of the sguare of the metal ionie radius. However, squally good
correlations exlst for higher orders of the reciprocals ¢f the - ionle

radius. Thus the importance of any particular type of eslectro~

}
I

static interaoction is not suggested. It is also olear that

frequoncy shifts do not vary with formal charge as expacted. For

- BT L ey il
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B
TABLE III g
WAVENUMBERS SHIFT (em L) E;
Force Rolat1v9“~
: . constant/ ionic¢ bond
Y(MRY) wy mdyn character
NT Av (cO) AV (MF) A A=l (V)
H 21.0 9.68% 44 ;
Li 47.1 27.3 0.68 2.50 100 é
Na 3.4 1.8 0.97 1.76 100 2
Mg 67.0 23.3 0.686 3.86 a5 i
ca 49.3 4.6 0.99 2.43 100
8 43.2 | 1.09 2.18 100
Ba 4.8 3.7 1.21 1.80 100
er 50.4 16.6 0.89 3.38 89
Mn 45.2 23.8 0.80 3.87 70
N4 62.4 65.7 0.69 4.77 83 g?'
cu 72.4 39.3 0.72 4,83 100 'y
Zn 47.9 34,4 0.70 .68 ¢4 '
b 38.4 10.9 1.03 3.00 83 g
gc 74.4 7.5,9.8 0.732 3.86 89 ;
¥ 59.8 6.2 0.893 3,30 97
La 47.2 4.7,6.3 1.016 2.69 100
Nd 49.4 6.2 0.998 2.93 100
ad 56.4 5.1,7.% 0.938 3,13 100
Ho 60.2 5.1,7.6 0.894 3.32 100
Ly 66.8 4.1,7.9 0.85 3,81 100
v 46.3 18 0.97

TS G g Rar MO
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example, modium, calcium, and neodymium have approximately the
same lonic radius for the uni-, bi-, and tri=valent states
respectively. Thus one might expoct a‘simple one to two to three
ielttionlhip betwoen freguency shifts, but this im not the case.

It is possible that a model which considers tha'pro;enca of

-fluoride ions and the melecular gecomotry of the molecular pair.

might account for theae differences,
(d) Chlorination and bromination of UF,

UF4 was vnborilod at temperatures near 8000, The matrix
gas, argon, was predoped with c12 in c12/Ar ratios of 1/10, 1/5%0,
and 1/100. Br,. before being mixed with argon, was subjactad to
several freeze-thaw dyclcl under vacuum to remove dissolved gases.
All trappings involving bromine were dons with a premixed Brz/A:
ratio of 1/50., Matrix deposition was usually carried out for one
hour at 12K trapping temperature. The amount of matrix gas
entering the cold surface chamber was kept nearly constant from
one expesriment to tha next by maintaining the back pressure near
the matrix gas reservolr at 160}. Under these conditions, the
pressure in the matrix chamber was about 10‘5 torr. Aftar initial
co=oendensation experimants gave no evidence of reaction, sub-
reguent axperiments wers performed with the ald of a Hanovia
photolysis lamp fitted with a broad band meruury source, A

Corning #3484 uv filter was amployed in one of the exporiments to

gut out the radiaticvn capable of dissociating c12.

L st b = U
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On the basis of results obtained from the matrix fluorination

of UF4, in which the mono~- and difluoro addition products were

identified, one may reasonably expect analogous mono=- and dichloro-

compounds., Mo:oovi:, the pomsibility for the formation of two

dichloro=- compounds, cis and trans, has been introduced into the

experiment, Cis and trans additions were inatstinguiahabli in the

fluozination experiments, since the end products were identical.

Annealing experiments were necessary to assign the observed
banda. Features attributable to the monochloruv=- compound are
expected to decrease in intensity upon annealing as ehé mobility
of chlorine atoms increases and more dichloro- species is formed.
This was found to be the case for the ur, + cl2 systems studied.
Two bands at 569.8 and %93,4 notably decreased in inteneity with
zespeact t¢ the othay three strong ones at 581.3, 620.6, and 639.2
cm'l. Continued warming eventually eliminated these two features
from the spectrum. The three remaining bands displayed coherent
behavior, remaining at nearly the same relative intensities
throughout annealing. fThis observation indicates an origin in
a commen compound.

The three bands at 581.3, 620.6, and 639.2 om © which did
not decrease upon annealing are assigned to the UClzr‘ molecule,
Furthazmore, the multiplioclty precludes an origin in a trans-~
struoture, which would only exhibie one iy aative U~F streteohing

mode. The U-Cl frequencies are expected to lis below 400 on™t,
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the lower limit of our epectromeier, on. the basis of the

1

previously datekmined UCJ.4 frequency (v3=3300m. ). With the

trans~ sgtructure eliminated, the only structural possibility

rcmhininé‘fbf‘tﬁnudidhlordsjdoﬁpound;bEB“CZV symmetry, for whigh

a maximum of four U-F bands can exist, two A, one B and one 52
modes: Three modes are actually observed experimentally for the

speacies assigned to the cis= structure, with the unobserved band

- probably deriving from a less active Ay mode, No evidenée has

baen found to support the presence of trans- 00121"4 gpecies, Thus,

it may be concluded that the cis- &peﬁiea'is the more stable of the

two possible iasomers. It is of interest to note that the analogous
dichloro- compounds, cis and trans- wc12F4, have been prepared

and studied, Although both isomers were detected, the cis- form
was found to ba present in higher concentrations,

The bands at 569.8 and 593.4 on *

in the UF4 + cl2 system
whieh shrink and eventually &innppuar upon nnnoglinq5are aliiqn-d
to the monochlore compound, ucir,. The relative intensities of
these bands resemble those of the UFy systenm, witﬁ éha lower
frequency band of UClF4 somawhat weaker in intensity than for its
Ur, counterpart.

Bubstitution of a 1/50 srz/Ar matrix yielded the third
sst of bands listed in Table 1 which seems to represent reaction

products analogous to those of the ur‘ + cla system: Reaotion

of ur4 with Irz ogaurs to a much lesser sxtent, as reflected by

T i S A
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the much lower intensities oé the reaction bands relative to

those of UF,. Features at 578.3, 613.0, and 631.7 — apparently
,F, triplet and have similar band spacings to the

Elz system. The bromine products are displaced about & cm * teo

make up the UBr

the red, which ix understandable in light of the greater electron
density on the uranium as a consequence of the lower electro-
negativity of bromine.

The bands expectad for a UBrF, molecule are more difficult
to assign, owing to the low intensity of some of the features.

The absorption at 569.8 om'l

is only 'tentatively assigned as the
second vibration., Doubt arises from the fact that the separation

of these two bands does not approximate thoso obmerved for UCIr4.

with C.H

(e) Reaction of Sn and Snr2 LA

The present report detgilu the results of the matrix isolation
infrazed study of the roaétion of tin and tin (II) fluoride with
ethylene with the reaction products being trapped in argon matricas
and represents the first evidence for a reaction chemistry invelving
tha Group 4A elements with olefins in the gas phase. Such data
should bs quite useful in providing initial insight into the use
of tin and tin (IX) species as catalysts in several industxially
important reaction smystems in which high~temparature compla*nn
similazx to the ones reported here quite likely exist and serve
88 reactive intermediatas or metastable species for such catalytic
processes; also, the initial data gathered here serve as the
basis for further work relating to the vapor-phasze synthesis of

Group IVA metal oclusters with olefins as well as metal atom/
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organic reagent slurries which can sorve as active, synthetic

rdnqcntr”thcm:clvcs.

Ma:rix 1|olltian axperimehtn in thise laboratory have

'domonthAE|d tho existance of a roaction when tin vapor and

.;nylenu ara cocondensed in an argon matrix.

~Utiiining a dén4/Ar ratio of 1/100, one observes absorptions

~ for the freo athylene isolated in the argon matrix as well as

& series of new'bandn appearing at 819,1039, 1043, 3044, and
3063 om~ ' which are clearly attributable to a complex formed
betwesn tin and ethylene. These bands compare favorably with
tholo‘obnorvcd by Ozin and co-workera in similar metal-ethylaene
reactions trapped ;n rare-gan matrices, and thus thoy uvan be
interpretud as resulting from a donor~acceptor complex in whigh
tin is bonded to ethylens via the T system of the olefin,

In addition to these bands, new ones at 851, 732, and 454
c@- appear. The asi ém-l peak ia a CH,=wagging moda with a
value very closs to that found in the Cu(C,H,), (862cm™1) ana
Zeise's salt (84dom”! ) =K [CL PE(C H,)1.0,0~- investigated by Chatt
ot al., and other workers. 7The absorption at 732 cm”l is almost
identiocul in value to 730~cm.1 reposted for Zeise's salt, this

band being attributed to the to 'nal mode VvV, in the coordinated

4
ethylene.

The relatively intense, low-fraguenoy band at 454 cm‘l

is

particularly noteworthy, and can be tenatively assigned as a

Y
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v(Sn-czuG) streatching mode involving a cyclic species in which

tin may be piotufod as approaching the ethylene molecule laterally

and forming a three-membered tin-carbon-catbon ring system

containing the doubly bonded olefin component which remains
intagt. 8Such a complex has been postulated as a logical inter-
mediate in oxidativn;addicion reactions of tin (II) halides with
nmultiply bonded carbon-carbon systems to form organotin (IV)
derivatives, and the tin-carbon mtretching frequencies of the
final cyolic tin-olefin spécies in such roactions lie in the
‘400-450cm-1 range; also, the metal-carbon frequencies in
several metal-olefin complexes lie in the 400-500cm ' region.
The absence of a noticeably strong v{(C-C) stretching mode
in the spectrum, an ethylene mode that should be infrared active
upon coordination to tin, can be attributed to the low concen-
tration of the complex relative to the whole trapped tin/ethylene
mixture and to the inherent weakness of this mode in the
complex; indeed, several attemyts to increase the concentration
of the tin-ethylene complex in the matrix by varying trapping
conditions proved unsuccaessful. This band most likaly lies in

one of the two sets of weak multiplets in the ~1520-1550 cm'1

region, an assignment that would be in excellent
agreement with those of Ozin et. al. One should not forget,
however, that the V(¢-C) and S(CH2) modes are highly coupled

in both free sthylene and matul-ethylenu'complexes. with the

band in the 11580-1350 cm-l range assigned as the G(CHQ) node
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in various complexes having significant Vv(C C) character, even
in the weakly perturbed silver-ethylene complex EAg(czﬂ‘)J+B?4-.
A distinguishable mulcipldt with the maximum absorption at
izas cm-1 appears in the spectrum of the iiaﬂethylene complex
shown here. Annealing the matrix producéd no notic?gbla formation
of new products,

Snrz/c2H4 Reaction. 1In the spectrum of the matrix isolated
products of the reaction between tin (II) fluoride and ethylene,
several processesa are evident, two of which concarn

the reaction of the Sn¥, exclusively without 1ntardc£ion with the

2
ethylene. Pirst, the bands at 522 and 580 cm'l ind&oaﬁ. the
foxrmation of polymerigation products of the type (Snrz)x which
have baen previously reported in matrix isolation studies of

tin (1I) fluoride. Second, a broud, intense band envelope at
680-690 cm'l represents the presence of 8n¥F, and thus quite
evident disproportionanation of tin (II) fluoride to the tiﬁw
(IV) speciss and elemental tin (which is gbsgerved as the residue
in the furnace after each set of expnrim;ncs) during the volati~
lization of the 8nF, at 400C., As a result, many of the new bands

2
present in the spectrum of the B"F2/c2"4 reaction~-specifically,

1

those at 821 (819 cm™> in the case of the tin system) and 1040 om~

(1039 and 1043 om °

with tin)«-alsc appear in the speotrum of the
sn/can4 reaction discussed above. Thig is alse true of the two
bands at 994 and 1024 cm'l whieh appear in the Sn/can4 system whan

a large excess of tin vapor is reacted with ethvlene; consequently,

dua o How .
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they may tentatively be attributed to a species of the type
- a snx-czn4 in which several tin atoms are clustered around a single
sthylene molecule, Presumably, bands which represent coorﬁ;n;tod

8nF, modes in products (if any) betwedn EnF4 and athyiene are

4
also present in”thin broad, unresolved absorpcion region. As
with the Bn/czﬂ4 mntrieo;; ann;;iigé fiilud ts oh#nﬁg thc.sp;cééﬁm.
| In addition to the bands above that are assignable to Sn!‘2
{both monomeric and polymeric) and 8nF,, ona also observaes the
appearance of two additional bands at . 551.5 and 537.5 qul. bands
which can be assigned as the shittedlvl and v, vibrational modes
of the bent (czv point group) Snr2 molecule complaxed to ethylenas.
Such a complex results from the T electron donation from ethylene
to the tin (1I) apecies, thus causing a conuomitint red shift in

the tin-fluorine stretching frequencies. The red shifts of 41.3
1

- and 33~cm- for__v1 and V, respectively, are somewhat larger
'5 . in magnitude than those reported by Perry et al. for the similar
!nlz/c636 reaction system, with shiftd of 29 and 19 a:nn-1 for these

same two fundamental vibrational modes.

. (3) Reactions of Metal Atoms with lLewis Bases
;  ! (a) Metal atoms and water Y

. Our understanding of molecular beam~water reactions, water- B

induced thin film impuritien, and surface-water reactions of the

Group IIIA mstals depends in pazt on our knowledge of tha
reactivity and resction paths of atomic and small matal clustars

of the Group IIIA metals with water. The matrix isolation technigue

I R sy



along with in situ photolysis aiffords the opportunity of following ] 1

the reaction of an atom, diatom, etc., with water from initial

_intoxaoﬁ&on, through intermediate products to the final pfoductq.
Calculations and expef;menté Buggest that when watnr bonds

to Li, Na, and Al through the oxygen an adduct of C symmetry

2y
"is formed, Caleculations have also shown that the metal becomes

i slightly negative in the adduct owing to a small amount of electron
donation from water to the metal as might be expected in a Lewlis

i agid-basc type interaction., The scnsitivity of the Vv, banding

2
mode of water to adduct formation may be understcod by reference

to the photoionipation spectra of water which indicate that
ionigation from cho J.b1 orbital causes small decreases in both
the bending (Avs-22%5¢m™Y) and stretching (Avi-437cm'1) frequency
of water along with a bond-angle increase of ~3°, Tonimsation

from tha 2;1 orbital results in » large decrease in the banding

s

fiode (Av--687om-l§ and no ob-ervnble‘ehahgi~ih thd'iirceohiﬁq o ¥

3 node, as will as a bond-angle increase to 180°. The v, bending

2
mode and bond angle of water are clearly much more sensitive to

slectron loss from the 2a, (0 lone pair) orhital of water than

1
the 1b1 {n" lone paix) orbital, As mentioned by Potts and Prige, : ‘

A the 2a, orbital in a linear AH, molecule is nonbonding and in .a i

bent molecule acts primarily s a shield to tha mutual repulsion

of the two hydrogen nuclel. Thus, one expects electron dansity

loss in the r2:''un batween the hydrogans to Jead to a larger angle
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and lover frequancy. Little effect would be’expautad on the
oxygen-hydrogen bonds bucause of the largely nonbonding
character of the 2a, oibital with xofbnet to these bonds., Cfon-
;oquuntly.‘olocﬁfdn donation fr&m the ﬁai:ofbital of water into
the partially or unqccupidd 8y orbitals of the metal should be
marked by a decrease of ehe“senafng'moa§ Fraqiency but titele *
or ho change in the stretching modes. H

The 1bl orbital is also nonbonding in a linear Ali, molecule

but does not provide significant stabilization of the bant molecules

ar does the 2a, oxbital. As a result, electron donation from the
water lbl orbital into a bl orbital of the metal should not affsct
the bending frequency of water.

Thus changes in v, should primarily reflect perturbation or
0 bonding to the metal of the 2a, orbital of water. Our general
observatione indicate a decrease in the bending mode of water
and no obn‘ivnbiiﬁnhift in :hn;ueretchin§ méd;s of waéir upon
formation of a metal-water adduct.

A comparison of the shifets in the Vv, -water bending mode for

1

2
water adducts of the alkali mstals Na (~7.4cm }).X (-6.6em"l), and
Cs (-2.7qn'1) to the Group IIIA metal of the same row indicates

[ £nctn:vo£ 3 incorease in sz for the Group IIIA metals, This
suggests that tha corresponding Group IIIA metal interacts much
more stxongly with a water melecule than the respective alkall
»etal atom, Bince aluminum reacted wpontaneously, a measured

AU was not obtained but one can estimate a value of -24cm'1 by

ccmparison to Nn‘°'ouz. Assuming a general linear relationahip

p =3
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betwean AV and interaction energy, one predicts an interaétion
energy of ~16 kcal for Al'“ou2 ny cormparison to Li (17.5 cmfl,
11.7 k¢ad). This may be compared to values of 4.4 &nd 8.5 koal

from culgulaticnl of Trenary and Xurtz, respectively. The lack

- 0f agreement betwean the caleoulated and estimated value suggests

that the cor:olatign between AV and interaction energy is not

a general one and that it may work only Qithin a specific group.,
This i» not surprising if the bending frequency is reflecting
only a 0 donation of the water and not 7T bonding of the b,
orbital or back-bonding from the moial into the unoccupied 2b2
antibonding orbital of water,

Although the guantitative relationship of AV to:intnraction
energies is unclear, it seems likely that the interaction energies
should follow in some manner the AO2 change. Thus it appears that the
diatomio Group IIIA moleciules are more wedkly*bonatd Eo'wptar than
is the atom. One expects Ga, In, and Tl atoms to bond in a similar
manner to cluminum‘atoms, however, the type of interaction betwean
diatomic species and water is not obvicus since it may either exist
as an interaction with a single metal atom or ap a bridging inter~
sction with bond atoms,

The photoinduced reactivity of the Group IIIA metal-water
adduet with respect to férmneton of the divalent metal hydroxy-
hydride is seen to vary from spontanecus reaction of aluminum to
no rcnchich ior thaillun. It is interuiﬁinq that the inability to
form HTIOR agrees with the AN estimate given in Table I whiceh

indicates that HTIOH is unstable with respect to T1'°'032.
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The HMOH molecule is expacted to have C_ symmetry owing to

5
the prescence of the one unpaired electron which should result

in an HMO bond angle of less than 180°, fThe number of infrared-
;ctivo modes would be Bix with the two lowest moders being MOH

bond angle deformations both in and out of the molecular plane,
The trend of assigned HMO bending mode with respect to atomic
number exhibits unusual bahavior in that the aluminum HAlO
bending mode ia less ;han that for gallium and indium. This may
be due to a decreased HMO bond angle for the heavier Group IIIA
atoms as is the case for the Group IVA metal dihalides.

This behavior is also evident in the ansigned MOH bending
mode for HGAOH. A sinmilar mode was not observed for HALOH under
conditions where the other modes of HALOH were quite strong.

Thus Lt seems likely that its value i# lass than that for gallium
and less than 400 em %,

It was mentioned earlier that the deuterium lt:‘tehing
mode of DALlOD was much weaker and broader than expected. This
is thought to result from a Ferml interaction of the D-Al
stretching mode with a combination of the DALlO bending and
Al-OD stretshing modas.

The isotopic shifts, in general, confirm the assignment
of observad frequencies to particular modes. Howevezr, one notes
that the M«OR mode undergoss rather strange shifts upen deuterium
substitution. This is particularly evident for indium, where

deuterium substitution causes an inovrease in the M-OH mode.

This behavior can ba explained if one assumes molecule Cy gymmetry.
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With this molecular symmetry the three lowest observed modes are
expected to undergo partial coupling to cach other., Deuteration

will cause changes in the extent of c¢oupling botwaen the modes

" Wwhigh, in turn, leads to the unusual isotopic shifts. This

coupling would not occur for a linear moloculo with cmv symmetry.

- Thus* ites- exiscence is further evld.nud !or“a-nonl&nour*molocult,

“A similar effect eaxists for the MOH molecules, This is

svident for a comparison between calculated and measured isotoplc

,ahi:mﬁ of the M~OH mode where the shifts have been calculatasd for
'i‘liqélx énomotry lnd assumption of the absence of any coupling
~botyqanfha OH and M-OH stretching modes. The calculated shifts

';ur§ démpaxod to measured values in Table III. One Bees an

incredising discrupancy betwean the calculated and measurad values

wfthvihcronlinq mass of the Group IXIIA maetal., These discrepancies

" gan be explained by changing coupling of the MOH stratching and

"Bdnainq tiodes 0f & nonlinedr molecule.

The photolytic reaction of diatomic Group IIIA molecules with
water ocours at longer wavelangths than for the atom and produces
a group of absorption peaks in the 850-—1.050«::\1'1 region., Dautexrium
isotopic shifts indicate that the vibrational mode is primarily
a hydrogen motion, although there is a slight oxygen-~18 dependence.
Wa have suggested that the mode may be bhest explained am an

asymmetric mode of & bridying hydrogen, 'The location of modes

1

due to a bridging hydrogen should be ~1000 and ~900 cm = for

gallium and indium, respectively, if ona asmsumes a similar ratio

P
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of frequencias as that found for the asymmetric bridging and
terminal stretching modcs of diborane. One also expacts tha
hydroxyl group to be bridging. It is possible to vigwltho |
ﬁMQOH molecule 'as aAmlxpd dimer of monovalént MH #ﬁd MOH upéeiel

which suggests that dimers of MH and MOH would alsuo exist

as bridging structures. Prolénged photolysis at shortar wavee=: - -

lengths converts the HM_OH species to the known high-temperature

2
M,O species.

2

. The dihydroxyaluminum hydride has baeen identified and
presumably results from further reaction of the nAloH(HRO) species,
We 4id not observe a similar dihydrexy species for gallium and
indium, which may suggest that the higher oxlidation state
HM(OH)2 is unstable with respect to the MOH(H20) specien, 1In

fact, the unassignad peaks listed in Tablms IIl for irdium could
be due to InOH(H,0).

The inability of thallium to react was diudultcd'carlior.’
However, after prolonged photolysis, we do obaserve a peak labaled
“h", We have suggested that the peak may be assigned to T1OH
or wxou(nao>, Although the reaction is endothermic and the
exoited atate HTL1*0OH is expected to revart to mx---ouz. some
probabllicy may exist for braaking of the H~T1l hond and sub-
seguent diffusion of the hydrogen into the matrix, thereby
stabilizing the 7T1O0H specises. The alternative assignment as

Tlou(HQO) formation could result from stabilisation of TIOH by
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interaction with water, It is intaoresting to note that a dihallium I
product spacies does rgndily form, which suggests that a bridging "
,structure has stabilised the hydrogen and hydroxyl bonda sufficiently f

to favor the photolyamis product over the adduct.

;
b
i
k

The reaction chemistry of Group 1IIA metals with water may be

summariced as follows:

L
M 4 H,O-—s M+ OH, PVl , uMoH B + Mo ;

;

AN |

ce Ny h 3

My + HpOuaM,***OH, —l ) M \0/,:4 —d M0 + H, :
]

H 1

i

The exception is Al, which spontaneously reacts with water as

follows:

T

w | AL 4 Hao--)uuon——-’lﬂ—-»non +H
Al + 2H20-9HA10H(Hao)._nﬂyi.m>HAl(oH)2 + H

() metal atoms aﬁd methane

The activation of inert bonds with transition metals has been

recognised an an {mportant goai., We roport soma of our results on

the reactions of photoexcited metal atoms with methane.

Our work indicates that no arsaction oocuirs between iron
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atoma and methans at 15K. Trradiation with } - 360 nm causes
a new set of peaks at 1653.4, 1153.4, 548.8, 545.9, and 521.1 cm

to appear. The laotopic shifts observed indicate that the

$21.1- and 165%3.1 cm-l peaks can be assigned to the iron-ocarbon

and iron~hydrogen stretching modes, respectively, and suggest
that oxidative cleavage of a cnibon-hydroqen bond has occurred

to yield bnar-u. .The other peaks can be ausigned to the hydrogen
modes ©f the methyl group.

Wavelength-dependent photolysis mtudies indicate that
reaction is caused by absorption of the metal atom rather than
thojmotal dimey, Thus, the iron~mothane macrix was firat ly-
radiated with light which could only photoexcite the assigned
slectronic transition of the metal dimer; however, the photo-
induced reactiuvn was observed only vwhen light was preaent'in the
region where the free matal atom is known to absorb,

Bimilax rasults were obtained when other metals were
codeposited with methane and irradiated. Thus, Mn, Co, Cu,
2n, Ag, and Au all reacted with methane éo give insertion
producte analogous to CﬂaveH, whereas Ca, Ti, ¢r, and Ni
failcd to yield insartion products. The infrared absorption

frequancies of tliese products are presented in Table 1IV.

1
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‘ TABLE TV
Product band Positions (em™’) in
Bhotoexcited Metal Atom/Methane Reactions 3
= %
t i
‘ — _band powitiony, em~} _
! neral avon  Vecn ' Vun vy Vo
manganess 2932.9 1582.6 1142.3 580, 3 500, 7
546.2 ‘;' ]
iron 2933.5  1653.1 11#;,4 548.8 521.1 1
2908.6 | o | 545.9
cobalt © T 1699,8 588.4 527.58
576.,7 ?
copper 1858,7 | 1200,1 613.8 433,9 j
- 417.4 |
zinc . . la4s.e 1069.5 689.1  447.1 ﬂ
8ilver 2907.6 1?33.5 ' iﬁsa.i © s1407 - .
2900.1 ‘
gnld 2195.8 1202,8 610.9 ' (




{4) Synthesis of Metal Oxyfluorides

Preparation of the oxyfluorides of scandium, lanthanunm,

cerium, yttrium, and aluminum were attompted, Fox La, Y and Al,

. & stoichiometric mixture of the fluoride and oxide of the metal

was reacted in an evacuated quartz tube at 1000¢ according to the

formula: MF, + MO MOF. Comparimon with published x-ray

3 273
bcwdir di!!ildtion d‘tl (Z|churiaich 1551) lqueatnAthe‘formation
of LaOF and YOF as predominant products of their respective
reactions, although quantitative analyses of LaOF by Galbraith
Laboratories indicate a deficient fluorine content., AlOF failed

to forxrm as a crystalline material.

(5) B8ynthesim of Metal Nitrifluorides

Direct fluorination of metal nitrides should yiald matal
fluorides + Nz' and there is no literatura evidence for ternary

M~N=-F species. Thase oxporimpntl verlfy the literature reports.

Lanthanum nitride--a coating was formed on‘tho outside of the

nitride particles; evidently the product is unreactive towards
meist alr (LaN reacts immediately in molst alr to give Lazoj).
X~ray analysis showed howevar no La=N~F lines and only LaN and
L";- At low temperature of fluorination the above reaction

occurs and at higher temperatures (600C) vomplete fluorination

to Lura ovoocurs. Covalent fluorides SLJN‘ and BN do not fluorinate

at modsrate temparatures. No r?aotion'wns obeerved for Laas and

Fz.
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R REACTIONS OF METAL FLUORIDES WITH METAL NITRIDES

LaN + LaF --powder obtalned gave good ‘K=ray patter
' " agreamant with publiuhud values. No aintar-’

ing was achieved and no large single drystall ‘ ; J

was formed (900C)., ° R - ST . : DR A

CeN + CaF3~-(CeN prepared in lab)~=-no Ce=-N-F produgt

obtained (900C)

1 NEN + H£F4--lome very faint product lines, nhot HEN orx H!41
b ' ‘ predominant lines 'ware reactant (l000CH)
* ‘ Tira + TiNe=no product obtained (1000C)

Turs + TaN==no product (3 explosions!) (600CQ)

= ; Yra + ¥N “=no product (400-900C)

o b S e R e BTN T i g S B ST et

Fe,N + FeF,--no product (300C)
CuJN + CuF wano produat (900C)
Alra * AlNe~gome " product not reactdnts- ulcmcntal anulylin
by vas inconslusive. X-ray lines not assigned--
| | could possibly be reaction with quartz vassel

o (900cC) .
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REACTIONS OF METAL FLUORIDES WITI AMMONIA

AIFB + NHa--product formed (strong lines not reactan%s).
Hals'apéd. shows fluoride npaci.g and also
NF; (possibly) no molecular ion present to
11066. Ainé some unusual peiké hoéwid;ntifiod;
50 psi NH3 in static reactor to B00C,

z:r4 + NHS--uolored product (from white ZrF‘). X-ray

shows 2rN & 2rF,: 500C 30 psi,

4

Tira + NH3--b1uish-gray produc& from T1F3: no reaction
('I‘:l.r3 lines only in x-rayj; 7%0C, 50 psi,

Lara + NHB---xccllent product & good agreement with published
datas 50 ﬁni, 900C. No sintering possible to
1000cC.

Car3 + NHa--nc reaction, 500C, 50 pei.

Ferz + NHs--no reaction, 5006, 50 p;i.

F.F2 + NHs--:oduation to Fe metal 900¢C, 50 psi.

Nin + NH3--reduction to Ni metal 900C, 50 psi.

YFs + NH3~-YN + ¥F3. no ternary product observed--900C, 50 psi.

Cul"2 + NHa--no reaction, 500¢, 50 psi.

ik kS A e
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(6) Further Suvudies of CFX

We have published an extended review of the properties of

CFX in Accounts of Cheriical Rescarch and continue to saak

alternate synthetic materiuls which would not require éleamental

fluorine. Thus, a weakly bonded fluoride like 2rF, or HgF

2 2
could be chused to treat a hydrocatbon, activated carbun or
pyrographite and from the solid fluorocarbon.

Alac, we are attempting to dchlop reliable analytical
nathods for antnplishinq ”P!,°F1:x n%qichigmgtry_w;§h precision
lpd agouracy. Newton atomirzation ntudiel have given orritic
:onuzel,Alpparunely dependent on #ingle denmity, geometry
and reference materials. Thermal decomposition in vacuum or

irnext atmospheces (A, or N,) yields an amorpnous carkon + CF

‘i
This method appears to be the bemt currant analytical technigue.
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